Recently it was found experimentally that in a single-stage low-speed axial-flow compressor, the pressure signals during the rotating stall inception depend on the location of the sensors and may be of the same type at several measurement points (for example only spikes), or of different types, at different measurement points (simultaneously spikes at one points and modes in another points). Two types of rotating stall inception may also exist simultaneously at one measurement point (the pressure signals include simultaneously spikes and oscillating modes). The presented paper is connected with the theoretical investigation, in an attempt to explain these experimentally recorded phenomena. It was shown that three principal characteristics define the type of stall inception: (1) the nonlinear characteristics of compressors, (2) the common dynamic characteristics of compressor with its loading system and (3) the influence of the system to which the compressor is interfaced on the compression system. These characteristics define that both spike-type and modal-type of stall inceptions can exist simultaneously. However, as the amplitudes of both components can be significantly different, researcher can sometimes perceive the existence of only one of these two stall inceptions.
ψ Total-to-static pressure coefficient
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Researches on both low-speed and high-speed compressors [12, 13] found two fundamental mechanisms of stall inception: long length-scale disturbances, so called modal waves, which are modal oscillations of the entire flow field, and short length-scale disturbances of only local extension in the size of a blade passage, so called spikes.
To date the general direction of investigation of instabilities in compressor is the study of spike and modal rotating stall inception, in particular, when there is a spike type, and when there is a modal type of rotating stall inception. Many groups of scientists studied the flow mechanisms for spike and modal stall inceptions in several compressors and fans (low-speed and height-speed, axial and centrifugal, single stage and multi stage) with several inlet influences, at relatively large and low tip clearances, etc.
Recently it was found experimentally by Levy, et al. [14] that during the rotating stall inception, the pressure signals in a single-stage low-speed axial-flow compressor depend on the position of the sensors and may be of the same type at several measurement points (for example only spikes), or of different types at different measurement points simultaneously (spikes at one points and modes in another points).
Two types of rotating stall inceptions may also exist simultaneously at one measurement point (the pressure signals include two components-spikes and oscillating modes simultaneously). It was also defined experimentally that the spike-type of stall inception also may be of different kinds: with decrease in pressure, with increase in pressure and even with bipolar change of pressure at spikes.
The first objective of the present paper to understand how the pressure signals can contain simultaneously the attributes of both types of stall inceptions (spike-type and modal-type).
The Nonlinear Compressor Characteristics for Study of Instability
The main compressor characteristic used to study compressor instability is the nonlinear characteristic of "total-to-static pressure coefficient, ψ, versus flow rate coefficient, ϕ, for N cor = const", ψ = ψ (ϕ)
(1) An alternative for the description of compressor nonlinear characteristic in coordinates "ψ versus ϕ" may also be the classical compressor characteristic (performance map): "pressure ratio, π, versus corrected mass flow, cor m  , for N cor = const",
Obviously, the compressor behavior in case of instability is independent from used nonlinear characteristics and will remain the same. The advantages of both characteristics are that they already exist and therefore do not demand any additional calculations. However, characteristics (1) and (2) possess one general demerit: they do use not measurable parameters, but some conditional or average values. In particular, all the measured pressures are pressures in specific points, i.e., local pressures. For example, during transient process, the pressure variations at several points along the compressor blade length can have different trends (spikes with pressure increase and spikes with pressure decrease).
All the characteristics ("ψ versus ϕ", "π versus cor m  " or "pressure at compressor outlet versus mass flow") contain two sections on their right, a smooth line and at the left, a sharp reduction of the parameter (see for example the characteristic in coordinates "pressure at compressor outlet versus mass flow" in Fig. 1a) . However, in practice, spikes during stall inception may have at different instances sharp pressure reduction as well as sharp pressure increase and even alternations from sharp increase to sharp decrease of pressure (i.e., the bipolar spikes: Figs. 2a  and 2b ). Such rotating stall inception can be possible only if the real characteristics look different from shown in Fig. 1a , for example as shown in Figs. 1b, 1c  and 1d .
The second purpose of the given paper is to show, how the spikes with increase and the bipolar spikes during stall inception can occur.
Theoretical Explanation of the Experimental Results
A primary assumption adopted while modeling the dynamic characteristic of compressors, is to ignore the blade rotation and to consider the gas, flowing in between the rotor blades and in between the stator blades, as a joint stream [15] [16] [17] . Such an assumption has allowed receiving many major results about the compressor instability, particular about surge. Furthermore, the successful modeling of systems with compressors were substantially determined by how the rotation of a rotor was considered, for example, was it considered in the form of RSF (rotor shaft frequency), or in the form of BPF (blade passing frequency). In the present paper, the rotor rotation is considered as an external source of influence on the compressor system with frequency that equals the BPF.
For better understanding, why the pressure signals contain attributes of both types of stall inceptions (spike-type and modal-type), it is necessary to start with the solution of the basic differential equations: 
This solution equals to the sum of two solutions: differential equations with variable factors and for differential equations in private derivatives (for systems with distributed parameters), the roots of the equation are more complicated, however they also include the multipliers that define the growth rate of the components as well as the oscillating frequencies of the components. It is our opinion that these components of the full description of the differential equations may correspond with the modal-type of stall inceptions in systems with compressors. The growth rates and the oscillating frequencies of the modes are completely determined by the differential equations describing the compressor with its loading system or, in other words, by the joint dynamic characteristics of the compressor with its loading system.
The frequencies in solutions of differential equations of transient process (process of modal-type of stall inceptions in systems with compressors) and the frequencies of the established process (process of established rotating stall) are expected to differ only slightly. Thus the oscillating frequencies during modal-type of stall inceptions can be approximately considered as equal to the oscillating frequencies during established process of rotating stall. 
It is necessary to emphasize, that in this case the concept "external" is concerned with the equation, and not with the actual compressor. Hence, the blade passing frequency which is internal in respect to the compressor will be considered as external frequency with respect to the equation with non-zero right part.
In addition, for the equation with the non zero right part, the physical features of periodic influence on blade passing frequency have no essential significance (it is a result of a simple air stream crossing the compressor blades or a result of the occurrence of vortices on the blade tips). In that respect, the components in the right part of the differential equations, with frequency describing the external disturbances at the compressor inlet inlet It is also clearly visible that the spikes have durations that present multiples of this period (during spike increase and during spike decrease). It means that the spike durations accord to the sums of several blade periods. As it will be shown further by the simulations, the period of the spikes repetition corresponds to the period of the modes repetition (and to the rotating stall frequency equals 37 Hz).
In accordance with previous experimental results, as seen in Fig. 2b , we shall limit ourselves to consideration of only one special case where the external frequency is the blade passing frequency,
These components of BPF within the full description of the differential equations, may correspond with spike-type of stall inceptions in systems with compressors. The growth rates and the duration of the spikes are determined by the compressor characteristics with its loading system and in particular by the view of the external force and the view of compressor nonlinear characteristic. Because of nonlinearity of the compressor characteristic, it is necessary to consider the solution 2 ( ) y t as the sum of the harmonics of the Fourier series: 2 2 ( ) sin 
Thus, if our analysis is proven complete and correct and theoretical results will be backed up by the experimental ones, we could prove that both spike-type of stall inceptions and modal-type of stall inceptions can exist simultaneously. Fig. 3 shows experimental results obtained in a single-stage low-speed axial compressor where five sensors were mounted along the projection of the rotor blade camber at the compressor casing. The spikes and modes during stall inception were found to exist simultaneously. However, as their amplitudes can have values with different orders of magnitudes, different researcher can subjectively perceive, in some cases, that only one of these two stall inceptions exists at any time.
(1) First paradox accepted during the traditional nonlinear analysis of rotating stall processes
The stall is considered as rotating around the compressor axis, whereas the used nonlinear characteristic considers the parameters along the compressor axis ( cor
Later, to eliminate this contradiction, we shall emphasize that the parameters in the characteristic "pressure-rise coefficient, ψ, versus axial flow coefficient, ϕ," do not include the area of cross-section, A. It means, that this characteristic describes not only a process in the global compressor, Simultaneous Spike-Type and Modal-Type Stall Inception: Theoretical Analysis 134 but also at any point within its volume. The phases of pressure oscillation in small local gas streams varies from each gas stream to next gas stream, and such variations creates the effect that is interpreted as rotation (named rotating stall). Such replacement of different view of one full compressor cross-section on set of gas streams with small cross-sections permits the use of traditionally non-dimensional characteristics similar to Eqs. (1) and (2) to each small gas stream.
(2) Second paradox accepted during the traditional nonlinear analysis of rotating stall processes
The flow characteristics discussed are typically averaged characteristics calculated for full cross-section, while the measured parameters of a certain gas stream (and primarily the measured pressure) are local parameters, measured in one specific point (or in several different points). It is important to note that during transient processes and during established rotating stall processes, the pressure measured in one lateral cross-section can vary (and even must change) in a different way along the blade length and around the compressor circumference.
To eliminate this paradox, we shall apply further-on, for the analysis of the rotating stall inception in the compressor system, either,  a set of different non-dimensional nonlinear characteristic for the different measured points, for example, along the blade length (will be named "local non-dimensional nonlinear characteristics"):
 or, instead we shall to use a set of different dimensional nonlinear characteristics, for example, specifically, the measured total or static pressure, (11) and (12) are rather convenient, since they allow using directly the measured parameters. 
The presence of oscillatory component with the blade passing frequency BPF ω in Eq. (13) means that an external influence with such frequency takes place continuously (prior to the beginning of the instability in the compressor and after its occurrence; see also the following equations). For simplification, we shall accept at this stage that there will not be components of other external disturbances with other frequency, as for example, of the compressor inlet, inlet ω .
As the compressor and its loading are considered as a "closed system", any change in their joint operational condition will lead to the occurrence at some moment of time, tm, and components of oscillations with a specific frequency of the joint system, i (13) and (14) 
Changes of local pressure in time, p local (t), are plotted (in MATLAB) during simulations according to Eq. (15) Three diagrams are shown simultaneously in each 
Results and Discussion
(1) The nonlinear characteristics of compressors, the common dynamic characteristics of compressor with its loading system and the external disturbance effect of the compression system define together the inception as well as the established rotating stall processes.
(2) The shape of the nonlinear characteristics of compressors (Fig. 1) determines the profile of the spikes: with pressure decrease (corresponds to the traditional shape of the nonlinear characteristic of the compressor), with pressure increase and the bipolar spikes.
(3) The typical dynamic characteristic of the combined system of compressor together with its loading system determines the frequency of modal oscillations and the period of spike repetitions.
(4) The external disturbance (as for example, at the inlet of the compression system) determines the existence as well as several parameters of the spikes. In particular, as the external disturbance at the compression system inlet can be considered the inner influence with blade passing frequency.
(5) The variation in the mass flow rates due to combined effect of disturbances with modal frequency and with blade passing frequency and the compressor's nonlinear characteristics can result in pressure change at the outlet of compressor which is analogous to experimental results In particular, the fact that both spike-type and modal-type of stall inceptions can exist simultaneously (see for comparison, spikes and modes in Fig. 3 as well as Figs. 8 and 9 ). However, as the amplitudes of both components can be significantly different, researchers can sometimes perceive only one of these two stall inceptions.
(6) Comparison of spikes and modes received experimentally and during simulation demonstrate certain similarities between the experimentally recorded and the simulated phenomenon of the rotating stall inception process. Detailed comparison of the plotted spikes as seen in the local pressure fluctuations described in Figs. 8 and 9 (the cases of spikes with only pressure increase or pressure decrease) with the data obtained experimentally (spikes within the local pressure fluctuations of Fig. 2) shows basic similarities.
Conclusions
(1) The theoretical explanation to the experimental phenomenon that the pressure change in axial compressor can contain simultaneously spikes and oscillating modes during rotating stall inception is presented.
(2) The theoretical explanation to the experimental phenomenon that the signals measured by pressure sensor in several local positions on axial compressor can include (a) spikes with pressure decrease (corresponds to the traditional nonlinear characteristic of the compressor), (b) spikes with pressure increase and (c) bipolar spikes.
(3) It was found that the period of spikes repetition is equal to period of mode oscillation which is as usually completely determined by the joint dynamic characteristics of the compressor with its loading system. (4) It is shown that the spikes are caused by rotor blades rotation and their durations are complete multiples of the period of the BPF (blade passing frequency).
